The permeation mechanism of mercury was studied, using a newly devised three-liquid phase contact apparatus with flat interfaces. It is possible by using the apparatus for a feed, membrane and stripping solutions to contact in a similar manner as in the liquid membrane technique. Mercury in the feed phase permeates through the membrane phase of xylene solution of dicyclohexyl-24-crown-8 (C-24) to the stripping phase of sodium chloride solution. The permeation rate of mercury can be explained by a permeation model whichtakes account of the dissolution of mercury to the membrane phase and the inter facial reaction between mercury and C-24, in addition to the diffusion processes in the aqueous film and the membranephase.
Introduction
The recovery of mercury from aqueous solutions is of practical importance from the viewpoint of the recycling of industrial resources and wastewater treatment. The liquid-liquid extraction equilibrium of mercury by dicyclohexyl-24-crown-8 (C-24) has been investigated by the authors.
2) The results suggested the potential for using the liquid membranetechnique, in which C-24 and an aqueous sodium chloride solution are used as a carrier and a stripping solution, respectively, to separate and concentrate mercury.
In the practical application of the liquid membrane technique, it is necessary to clear the mass transfer mechanism for permeation through the liquid membrane. A new three-liquid phase contact apparatus for the elucidation of the permeation mechanism'was devised. It is possible that feed, membrane and stripping solutions contact in a similar manneras in the liquid membranetechnique without the use of surfactant or supported solid membrane. The apparatus has the advantage that the membranephase can be remarkably thinned and a definite flow in the membrane phase may be probably formed in comparison with conventional bulk liquid membranes. It may be considered, therefore, to be appropriate for the study of the permeation mechanismand the effect of surfactant on the permeation rate.
In this work, adopting the apparatus, the permeation mechanism of mercury has been studied, using a xylene solution ofC-24 as a liquid membrane solution in the absence of surfactant. The characteristics of the apparatus have been also examined by the extraction of hydrochloric acid by a high-molecular 1. Experimental
Apparatus
The three-liquid phase contact apparatus with flat interfaces is schematically shown in Fig. 1 . The apparatus is constructed of three glass cells, F, S and M. Cells F and S are two forked glass cells each equipped with four baffle plates. Cell M can be made by clamping a Yiton packing between the two forked cells and the cover, and therefore it has a space nearly equal to the thickness of the packing. An aqueous mercury chloride solution (feed phase III), aqueous sodium chloride solution (stripping phase I) and xylene solution of C-24 (membrane phase II) are supplied in cells F, S and M, respectively. Packing of 1mmthickness was used in this study, though the thickness of the membranephase can be varied freely by changing the thickness of the packing. Hence, the volume of membrane phase was 9.3x lO~6m3 and that of the solution incells F and S was 2.6x 10~4m3.
The inter facial contact areas between cells F and M and cells S and M were 2.38x10~3 and 2.37x 10~3m2, respectively. Agitation was carried out at 2.5s"1 by using stirring rods fitted at three points with twin flat blades in cells F and S. The apparatus was placed in an air bath which was maintained at 298K.
L2 Procedure
The aqueous solutions were supplied up to a constant level in cells F and S. The stirrers were started as soon as a knownvolumeof xylene solution was carefully supplied from the top of the cover without disturbing the interfaces. Adding the original aqueous solutions into each cell to maintain the initial levels of Whenit is assumed that the solutes in phase II are transported in the x-direction by the flow and in thezdirection by molecular diffusion, and that the reaction of complex formation occurs only at the interface, the following equation is obtained from the mass balance.
Here the subscriptj represents the components A, B and AB, and Vx(z) is the velocity distribution given by
The boundary conditions are expressed as follows:
(xs0<x<xsl) ; -DA(dCAs/dz)=ks(CAs-CAl)
z=S ; 8Cj/8z=0
Equation (4) shows that the concentration distribution formed on each interface is averaged by the breakdown of the velocity distribution, and the fluid of uniform concentration enters the next area, forming a two-phase interface. Equations (6) and (7) express the inter facial resistance to the transfer of free mercury chloride, and the mass transfer coefficient ks at the interface is assumed not to change in regions III-II and I-II. rj is the reaction rate at the interface, and the superscript / denotes the interface.
The inter facial reaction described in Eq. (1) 
Here
On the other hand, the reaction rate at the I-II interface is derived similarly by taking into account the following reaction steps: (4) adsorption of ABto the interface, © dissociative reaction ofAB* to A and B*, and ®desorption ofB* to phase II. The fluxes in the aqueous films of phases III and I, respectively, are given by
Ji=WM-CM) Fig. 4 . In this system, the extraction mechanism has been clarified;4) that is, hydrochloric acid reacts instantaneously with LA-II at the interface and is extracted into the membrane phase as an amine-hydrochloric acid salt. When the initial HC1 concentration C^ci is high, such as 88 and 127mol/m3, the extraction rate is not affected by C^ci because the amine is thoroughly transformed to the amine salt at the interface and the diffusion of the amine salt in the membranephase is concentrations CBT of 10 and 20 mol/m3, respectively. The result for CBT=20mol/m3 is shown in Fig. 5 . The solid lines in the figure are the results calculated from the model. In this calculation, the kw value of 1.3x 10~5m/s, which was obtained from the diffusivity of mercury chloride of 1.12x 10~9m2/s6) and the aqueous film thickness described above, was used. The value of ks was obtained as 2.2x 10"7m/s from the result of a permeation experiment discussed later. Furthermore, the following equation was adopted as the inter facial reaction rate and the kx value of 1.5 m/s was used.
It was derived from Eq. (14) by assuming that the adsorption rate of B is very slow in comparison with the other rates in%the reaction steps. The values of K± and K3 were obtained in the previous study,5} and therefore K2 was determined at 0.581 m3/mol from K of 1.90 m3/mol in the equilibrium relation of mercury extraction.2) These constants are summarized in Table   1 .
The calculated results are in good agreement with the observed values for every C°A value.* Similar results were obtained for CBTof 10mol/m3. Figure 6 shows the extraction rates measured by varying CBTat C°A = 50 mol/m3. The results calculated in the same way as in the case ofFig. 5 are represented by the solid lines and also agree with the observed values.
3.3 Stripping rate of mercury Whenthe adsorption rate of the complexABto the interface amongthe reaction steps may be assumed to be very slow comparedwith the other steps at the stripping interface, the disappearance rate of ABis derived in a similar manner as Eq. (17).
l +K.K.C'^+K.C1, * The calculations were similarly performed by assuming that the step (| ) or (3) is the rate-controlling step. However, agreement between calculated and experimental results was not obtained. Here K= K4K5K6
The value of K4 is calculated from the K6 value reported in the previous paper5} by assuming that K5
is equal to K2. These equilibrium constants are also represented in Table 1 . The stripping rates were measured by use of the membrane phases loaded mercury at different concentrations and the aqueous phase of 1kmol/m3 NaCl. The results are shown in Fig. 7 . The solid lines are the stripping rates calculated by using Eq. (18) with the rate constant &4 of 2.0x 10~5mol/(m2-s). Agreement between calculated and experimental results is fairly good. A similar result was obtained for a NaCl concentration of 2 kmol/m3. Calculations from the model in which the inter facial reaction is controlled by step © were also carried out, but the observed results could not be explained by the model. Thus, the rate-controlling step at the stripping interface is different from that at the extractive interface. This may be due to a difference between the aqueous phases. and 40 mol/m3, respectively, and they are in satisfactory agreement with the observed results. 
C onclusion
The permeation mechanismof mercury was studied using a three-liquid phase contact apparatus with flat interfaces. Mercury was permeated through the xylene solution ofC-24 of the membranephase from the aqueous mercury chloride solution of the feed phase into the aqueous sodium chloride solution of the stripping phase.
The permeation rate can be interpreted by the permeation model, taking into account the inter facial reaction mechanism which was derived on the basis of the results for the extraction equilibrium and the inter facial adsorption equilibrium, and the diffusion process in the membranephase. The inter facial reaction at the extractive interface and that at the stripping interface are controlled by the adsorption steps of C-24 and the mercury-C-24 complex, respectively.
Substituting
Eqs. (A-3) and (A-4) in Eq. (9) yields Eq. (14). 
